INTRODUCTION
============

Toll-like receptors (TLRs) recognize various pathogen components, referred to as pathogen-associated molecular patterns, and then initiate innate immune responses capable of acting as the first line of defense against pathogens ([@B18]; [@B1]; [@B24]). TLR-mediated signaling is implicated in inflammatory and antiviral responses, as well as in dendritic cell maturation ([@B1]; [@B10]; [@B24]). Individual TLRs initially interact with different combinations of adaptor proteins and transmit downstream signaling cascades to activate various transcription factors, including nuclear factor (NF)-κB, activating protein-1, and interferon regulatory factors (IRFs; [@B1]; [@B3], [@B4]). TLR signaling pathways originate from cytoplasmic TIR domains with which TIR domain--containing adaptors, such as MyD88, TIRAP, and TRIF, are associated ([@B1]). In turn, IRAK-4, IRAK-1, and tumor necrosis factor (TNF) receptor--associated factor 6 (TRAF6) are recruited to the receptor complex. TRAF6 is a member of the TRAF family with E3 ubiquitin ligase activity and plays a key role activating IκB kinase (IKK) and mitogen-activated protein kinase, leading to activation of NF-κB ([@B2]; [@B25]; [@B11]; [@B4])

Evolutionarily conserved signaling intermediate in Toll pathways (ECSIT) is a cytoplasmic protein that interacts specifically with the multiadaptor protein and E3 ubiquitin ligase TRAF6, which participates in *Drosophila* and mammalian TLR signaling pathways regulating innate immunity ([@B15]; [@B19]; [@B28]; [@B26]; [@B27]). A report showed that interaction with TRAF6 leads to ECSIT ubiquitination and enrichment at the mitochondrial periphery, resulting in increased mitochondrial and cellular reactive oxygen species (ROS) generation ([@B27]). These results strongly suggest that intracellular localization of ECSIT may be linked with its specific roles as a signaling adaptor protein in the cytoplasm ([@B15]), a ROS regulatory protein in the mitochondria ([@B26]; [@B27]; [@B7]), and a cofactor for bone morphogenic protein (BMP) signaling in the nucleus ([@B19]; [@B28]). Nevertheless, nuclear localization of ECSIT and its functions in TLR signaling remain controversial and unclear. We investigated this issue in this study. Of note, our data demonstrate that localization of ECSIT in the nucleus was specifically accompanied by p65/p50 NF-κB proteins in a TLR4-dependent manner, where p65 NF-κB specifically interacted with ubiquitinated ECSIT on the Lys372 residue, thereby regulating NF-κB activity, NF-κB--dependent gene expression, and production of proinflammatory cytokines.

RESULTS
=======

ECSIT interacts with p65/p50 NF-κB proteins after lipopolysaccharide stimulation
--------------------------------------------------------------------------------

We first examined whether cellular localization of ECSIT changed dynamically in response to TLR4 stimulation. Subcellular fractions, including the cytosol (Cyt), nucleus (Nuc), and mitochondria (Mito), were isolated from HEK293-TLR4 cells treated or not with lipopolysaccharide (LPS), and ECSIT localization was assessed. In line with previous reports ([@B15]; [@B27]), ECSIT appeared predominantly in the cytosol under resting conditions but significantly moved to the mitochondria ([Figure 1A](#F1){ref-type="fig"}, Cyt and Mito). Of note, ECSIT markedly appeared in the nucleus in response to LPS stimulation ([Figure 1A](#F1){ref-type="fig"}, Nuc). Moreover, these results were confirmed by confocal microscopy ([Figure 1B](#F1){ref-type="fig"}). Previous findings indicate that ECSIT is a Toll-pathway signaling intermediate that plays a key role in activating NF-κB ([@B15]) in the TLR4-mediated canonical NF-κB pathway. p65/p50 NF-κB translocates to the nucleus and drives NF-κB--dependent gene expression ([@B16]; [@B5]; [@B3]; [@B8]). Here we raise the possibility that ECSIT localization in the nucleus may be associated with NF-κB proteins.

![ECSIT interacts with p65/p50 NF-κB proteins after LPS stimulation. (A) HEK293-TLR4 cells were treated or not with 100 ng/ml LPS for 45 min, and then cytosol (Cyt), nuclear (Nuc), and mitochondrial (Mito) fractions were isolated, followed by immunoblot (IB) with antibodies to ECSIT, GAPDH, PCNA, and GRIM19. (B) HEK293-TLR4 cells were treated or not with100 ng/ml LPS for 45 min, and a confocal microscopy analysis was performed. (C) HEK293T cells were transiently transfected with Flag-ECSIT or p65-expression vector, as indicated, and then the immunoprecipitation (IP) assay was performed with anti-Flag antibodies, followed by IB with antibodies to anti-p65 or anti-Flag. (D) HEK293T cells were transiently transfected with Flag-ECSIT or p50-expressing vector, as indicated, and the IP assay was performed with anti-Flag antibodies, followed by IB with antibody to anti-p50 or anti-Flag. (E) HEK293T cells were transiently transfected with Flag-ECSIT wt or Flag-ECSIT truncated mutants, along with the p65-expressing vector, as indicated, and the IP assay was performed with anti-Flag antibodies, followed by IB with antibody to anti-Flag or anti-p65. (F) HEK293T cells were transiently transfected with Flag-ECSIT wt or Flag-ECSIT truncated mutants, along with p50-expressing vector, as indicated, and the IP assay was performed with anti-Flag antibodies, followed by IB with antibody to anti-Flag or anti-p50. (G) HEK293T cells were transiently transfected with p65-expressing vector, p50-expressiong vector, different concentrations of Flag-ECSIT wt, or different concentrations Flag-ECSIT 1-257, as indicated, and the IP assay was performed with anti-p65 antibody, followed by IB with antibodies to anti-Flag, anti-p50, and anti-p65.](151fig1){#F1}

To investigate this possibility, we examined whether ECSIT interacted with the NF-κB proteins. An immunoprecipitation (IP) assay in HEK293T cells expressing Flag-ECSIT and the p65 or p50 protein revealed that Flag-ECSIT proteins precipitated markedly with the p65 or p50 protein ([Figure 1, C](#F1){ref-type="fig"}, p65, and [D](#F1){ref-type="fig"}, p50). To identify the nature of the molecular interaction, we determined the ECSIT interaction site of p65 or p50. As shown in [Figure 1, E](#F1){ref-type="fig"} and [F](#F1){ref-type="fig"}, only wild-type (wt) ECSIT, but not other truncated ECIST mutants, precipitated p65 or p50. To verify these results, we transiently transfected HEK293T cells with Flag-ECSIT wt, the Flag-ECSIT 1--257 truncated mutant lacking the p65/p50, p65, and p50 binding-site vectors, as indicated, and performed the IP assay with anti-p65 antibodies. As expected, p65 coprecipitated markedly with p50 and Flag-ECSIT wt, whereas no significant interaction was seen with Flag-ECSIT 1--257 ([Figure 1G](#F1){ref-type="fig"}), strongly suggesting that ECSIT interacts with p65 and p50 through its C-terminal region.

To confirm these results in an endogenous system, we examined whether the ECSIT/p65/p50 complex forms after LPS stimulation. We treated human monocytic THP-1 cells with or without LPS and isolated cellular complexes by gel filtration column chromatography ([@B20]). Endogenous ECSIT moved specifically to higher--molecular mass fractions (i.e., fractions 14--16) compared with those without stimulation ([Figure 2A](#F2){ref-type="fig"}, IB: ECSIT), suggesting that ECSIT movement might be inducible in response to LPS stimulation. Of interest, the p65 and p50 NF-κB proteins appeared significantly in fractions 14--16 in response to LPS stimulation ([Figure 2A](#F2){ref-type="fig"}, IB: p65 and IB: p50). Therefore we wondered whether ECSIT interacted with the p65/p50 proteins in the complex. As shown in [Figure 2B](#F2){ref-type="fig"}, endogenous ECSIT coprecipitated markedly with the p65 and p50 NF-κB proteins in fractions 14--16. In addition, a direct interaction between ECSIT and p65 was confirmed by histidine (His)-tagged p65 pull-down assay ([Figure 2C](#F2){ref-type="fig"}). These results suggest that ECSIT interacts with the p65/p50 NF-κB proteins after LPS stimulation.

![ECSIT endogenously forms the ECSIT/p65/p50 complex and interacts with the p65/p50 NF-κB proteins. (A) THP1 cells were treated for 60 min or not with LPS. The cell extracts were prepared and fractionated through a Superose6 10/300 GL column. Each fraction (40 μl) was analyzed by immunoblot (IB) with the indicated antibody to anti-ECSIT, anti-p65, or anti-p50. Apparent molecular mass was evaluated after column calibration with standard proteins: thyroglobulin (669 kDa), ferritin (400 kDa), catalase (232 kDa), and aldolase (158 kDa). The elution positions of these proteins are indicated at the top. (B) Endogenous immunoprecipitation (IP) of ECSIT from fractions 14--16 prepared from THP-1 cells, as described in A, followed by IB with antibodies to anti-ECSIT, anti-p65, or anti-p50. (C) The His-tagged p65 pull-down assay was performed with whole-cell lysates prepared from THP-1 cells treated or not with LPS (100 ng/ml) for 45 min, and then IB with antibody to anti-ECSIT or anti-p65 was performed.](151fig2){#F2}

ECSIT K372 ubiquitination is essential for the interaction and translocation of p65/p50 NF-κB to the nucleus
------------------------------------------------------------------------------------------------------------

ECSIT was identified previously as a cytoplasmic protein interacting specifically with TRAF6 ([@B15]). A report showed that TRAF6 is trafficked into periphagosomal mitochondria after TLR4 stim­ulation, where it interacts with and ubiquitinates ECSIT ([@B27]). Therefore we asked whether ECSIT ubiquitination would be affected by the interaction and translocation of p65/p50 NF-κB proteins to the nucleus. Overexpressed ECSIT proteins appeared markedly in both the cytosol and nucleus fractions and were significantly ubiquitinated by LPS stimulation ([Figure 3A](#F3){ref-type="fig"}, IB: Flag). As expected, translocation of p65 NF-κB to the nucleus increased significantly after LPS stimulation compared with that without LPS treatment and was markedly enhanced by ECSIT overexpression ([Figure 3A](#F3){ref-type="fig"}, IB: p65), suggesting that ubiquitinated ECSIT might be affected by translocation of p65 NF-κB to the nucleus in response to LPS stimulation.

![Ubiquitination of ECSIT is critical for the interaction with and translocation of p65 NF-κB to the nucleus. (A) HEK293-TLR4 cells were transfected with Flag-ECSIT and treated or not with 100 ng/ml LPS for 45 min. The cytosolic and nuclear fractions were prepared from the cells, and immunoblot (IB) with antibodies to anti-Flag, anti-p65, anti-PDI, and anti-PCNA was performed. (B) HEK293T cells were transfected with mock or Flag-ECSIT vector and immunoprecipitated (IP) with anti-Flag antibody, followed by IB with anti-Flag antibody. The immunoprecipitants were reacted in a K63-Ub reaction kit and treated with or without CYLD enzymes (left). The reactants were mixed with lysates prepared from HEK293T cells transfected with mock or p65- or p50-expressing vector, as indicated (right), and then the mixtures were centrifuged and washed three times with lysis buffer, and Western blotting with antibodies to anti-Flag, anti-p65, or anti-p50 was performed. (C) HEK293T cells were transiently transfected with Flag-ECSIT wt or Flag-ECSIT truncated mutants, along with the HA-Ub vector, as indicated, and then the IP assay was performed with anti-Flag antibodies, followed by IB with antibodies to anti-Flag or anti-Ub. (D) Comparison of sequences of wt ECSIT and K372A ECSIT mutant.](151fig3){#F3}

Thus HEK293T cells were transfected with mock or Flag-ECSIT vector, and Flag-ECSIT proteins were prepared by immunoprecipitation with anti-Flag antibodies. The K63- ubiquitin (Ub) reaction for polyubiquitination to Flag-ECSIT proteins was performed on the precipitates, followed by CYLD enzyme treatment ([Figure 3B](#F3){ref-type="fig"}, left). The p65 and p50 vectors were independently transfected into HEK293T cells, and p65/p50 lysates were prepared ([Figure 3B](#F3){ref-type="fig"}, right). To determine whether ECSIT ubiquitination is critical for the interaction with p65/p50 NF-κBs, we mixed ubiquitinated Flag-ECSIT or deubiquitinated Flag-ECSIT protein pretreated with the CYLD enzyme with p65/p50 lysates, respectively, and evaluated the interaction between ECSIT and p65/p50 NF-κB proteins. The polyubiquitinated ECSIT coprecipitated markedly with p65 and p50, whereas the interactions were dramatically attenuated after CYLD treatment ([Figure 3B](#F3){ref-type="fig"}, right, bottom), strongly suggesting that ECSIT ubiquitination is critical for the interaction with p65/p50 NF-κB proteins. On the basis of these results, we sought to identify the ECSIT ubiquitination site. Flag-ECSIT wt or the Flag-ECSIT truncated mutants were cotransfected with a HA-Ub vector and then immunoprecipitated with anti-Flag antibodies. The wt ECSIT proteins were massively ubiquitinated, whereas no significant results were detected for the other ECSIT truncated mutants ([Figure 3C](#F3){ref-type="fig"}), indicating that the site might be in the ECSIT 300--431 region if ECSIT is ubiquitinated. When we looked up the ECSIT amino acid sequence, only one lysine residue, K372, was found at ECSIT 300--431 ([Figure 3D](#F3){ref-type="fig"}). Therefore we strongly considered the K372 lysine as an ECSIT-specific ubiquitination site and generated a K372A mutant ECSIT ([Figure 3D](#F3){ref-type="fig"})

Next we examined whether ECSIT ubiquitination occurred at the ECSIT K372 position and whether it is essential for the interaction and translocation of p65/p50 NF-κB to the nucleus. Flag-ECSIT wt or the Flag-ECSIT K372A mutant was transfected into HEK293T cells along with the HA-Ub vector. Flag-ECSIT wt was markedly ubiquitinated, whereas no significant change was seen in the Flag-ECSIT K372A mutant ([Figure 4A](#F4){ref-type="fig"}), strongly demonstrating that ECSIT ubiquitination occurred at the K372 position. We then examined whether K372 ubiquitination directly affected not only the interaction between ECSIT and p65/p50 NF-κB proteins, but also translocation of p65/p50 NF-κBs to the nucleus. As shown in [Figure 4B](#F4){ref-type="fig"}, Flag-ECSIT wt markedly coprecipitated with p65 or p50, whereas the interactions were severely attenuated in the Flag-ECSIT K372A mutant, indicating that ECSIT K372 ubiquitination is critical for the interaction with p65/p50 NF-κB proteins. Furthermore, nuclear localization of endogenous p65/p50 NF-κB proteins increased significantly after LPS stimulation and was markedly enhanced by overexpressing ECSIT ([Figure 4C](#F4){ref-type="fig"}, Flag-ECSIT wt), whereas marked attenuation was detected when the K372A mutant ECSIT was overexpressed ([Figure 4C](#F4){ref-type="fig"}, Flag-ECSIT K372A). These results strongly suggest that ECSIT K372 ubiquitination is critical for the interaction and colocalization of p65/p50 NF-κB to the nucleus.

![K372 ubiquitination of ECSIT is essential for the interaction and translocation of p65/p50 NF-κB into the nucleus. (A) HEK293T cells were transfected with Flag-ECSIT wt or the Flag-ECSIT K372A mutant, along with the HA-Ub vector. Immunoprecipitation (IP) with anti-Flag antibodies was performed, followed by immunoblot (IB) with antibodies to anti-Flag or anti-Ub. (B) HEK293T cells were transfected with mock, Flag-ECSIT wt, Flag-ECSIT K372A mutant, or p65- or p50-expressing vectors, as indicated. IP with anti-Flag antibody was performed, followed by IB with antibodies to anti-Flag, anti-p65, or anti-p50. (C) THP-1 cells were transfected with Flag-ECSIT wt or Flag-ECSIT K372A mutant vector and treated with LPS for the times indicated, cytosolic and nuclear fractions were isolated from cells, and a Western blot analysis was performed with antibody to anti-p65, anti-p50, anti-Flag, anti-PDI, or anti-PCNA.](151fig4){#F4}

ECSIT K372 ubiquitination is functionally involved in TLR4-mediated signaling to activate NF-κB
-----------------------------------------------------------------------------------------------

On the basis of the foregoing results, we examined whether ECSIT K372 ubiquitination was functionally involved in TLR4 signaling leading to NF-κB activation. The NF-κB reporter assay in HEK293-TLR4 cells revealed that Flag-ECSIT wt markedly enhanced NF-κB reporter activity in a dose-dependent manner, whereas no significant increase was seen in the Flag-ECSIT K372A mutant ([Figure 5A](#F5){ref-type="fig"}). Moreover, consistent results were obtained for p65 or p50 DNA--binding activities ([Figure 5, B](#F5){ref-type="fig"}, p65, and [C](#F5){ref-type="fig"}, p50). To functionally verify these results, we generated control THP-1 (ctrl THP-1) or ECSIT-knockdown THP-1 (ECSIT^KD^ THP-1) cells using lentiviral particles containing control or short hairpin RNA (shRNA)--targeted human ECSIT, respectively ([Figure 5D](#F5){ref-type="fig"}). ECSIT knockdown resulted in decreased NF-κB activity in response to LPS stimulation ([Figure 5E](#F5){ref-type="fig"}, lane 2 vs. lane 16). NF-κB activities were markedly enhanced or restored in ctrl or ECSIT^KD^ THP-1 cells based on ECSIT expression ([Figure 5E](#F5){ref-type="fig"}, lanes 6--8 in ctrl; lanes 20--22 in ECSIT^KD^ THP-1). In contrast, no significant changes were seen in K372A mutant ECSIT expression ([Figure 5E](#F5){ref-type="fig"}, ECSIT K372A). Similar results were observed for p65 and p50 DNA--binding activities ([Figure 5, F](#F5){ref-type="fig"}, p65, and [G](#F5){ref-type="fig"}, p50). Moreover, ctrl THP-1 cells showed markedly higher secretion of interleukin-6 (IL-6) and IL-1β than that by ECSIT-knockdown THP-1 cells in response to LPS stimulation ([Figure 5, H](#F5){ref-type="fig"}, IL-6, and [I](#F5){ref-type="fig"}, IL-1β). IL-6 and IL-1β levels were markedly enhanced in ctrl THP-1 cells when subjected to overexpression of wt ECSIT and significantly restored in ECSIT-knockdown THP-1 cells, whereas no significant changes were seen in either ctrl THP-1 or ECSIT-knockdown THP-1 cells after overexpression of the Flag-tagged ECSIT K372A mutant ([Figure 5, H](#F5){ref-type="fig"}, IL-6, and [I](#F5){ref-type="fig"}, IL-1β). These results strongly suggest that ubiquitination of ECSIT on the 372 lysine residue is functionally important for activating NF-κB during TLR4-mediated signaling.

![K372 ubiquitination of ECSIT is functionally involved in activating NF-κB induced by LPS stimulation. (A) NF-κB reporter assay in HEK293-TLR4 cells transfected with mock, different concentrations of wt ECSIT, or K372A mutant ECSIT in the presence or absence of LPS. All error bars represent SDs of the mean from triplicate samples. (B, C) p65 or p50 DNA--binding assay in HEK293-TLR4 cells transfected with the indicated vectors, mock, wt ECSIT, or K372A mutant ECSIT, in the presence or absence of LPS. All error bars represent SDs of the mean from triplicate samples. (D) THP-1 cells were infected with lentiviral particles containing control lentiviral particles or shRNA-targeted human ECSIT lentiviral particles according to the manufacturer\'s protocol. Control THP-1 (Ctrl) or ECSIT-knockdown THP-1 (ECSIT^KD^ THP-1) were cultured in puromycin-containing medium (4 μg/ml) for 2 wk to select stable clones, and immunoblots (IB) with antibodies to anti-ECSIT or anti-GAPDH were performed to evaluate knockdown efficacy. (E) NF-κB reporter assay in control (ctrl) or ECSIT^KD^ THP-1 cells transfected with mock, different concentrations of wt ECSIT, or K372A mutant ECSIT in the presence or absence of LPS. All error bars represent SDs of the mean from triplicate samples. (F, G) p65 or p50 DNA--binding assay in ctrl or ECSIT^KD^ THP-1 cells transfected with the indicated vectors, mock, wt ECSIT, or K372A mutant ECSIT in the presence or absence of LPS. All error bars represent SDs of the mean from triplicate samples. (H, I) Ctrl or ECSIT^KD^ THP-1 cells were transfected with mock, wt ECSIT, or K372A mutant ECSIT, treated with or without LPS, and the levels of IL-6 (H) and IL-1β (I) were measured by ELISA. All error bars represent SDs of the mean from triplicate samples. \**p* \< 0.05 and \*\**p* \< 0.01.](151fig5){#F5}

TLR4 signaling activates p65/p50 NF-κB components primarily dependent on the canonical IKK complex ([@B21]; [@B6]; [@B4]). Because ECSIT K372 ubiquitination was specifically involved in activating the p65/p50 NF-κB proteins induced by LPS, we asked whether the regulatory mechanism was dependent on IKKs. Thus mock, wt ECSIT, or K372A mutant ECSIT vectors were transiently transfected into wt mouse embryonic fibroblasts (MEFs) or NEMO^−/−^ MEF cells and treated with or without LPS, and p65 or p50 DNA--binding activity was measured. As shown in [Figure 6, A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}, p65 and p50 DNA--binding activities were significantly enhanced by LPS and were markedly augmented by overexpressing wt ECSIT, whereas no significant increase was seen by overexpressing the K372A mutant ECSIT. Of interest, neither wt ECSIT nor K372A mutant ECSIT increased p65 or p50 DNA--binding activity after TLR4 stimulation in NEMO^−/−^ MEFs ([Figure 6, C](#F6){ref-type="fig"}, p65, and [D](#F6){ref-type="fig"}, p50). These results strongly demonstrate that the ECSIT regulatory mechanism is critically dependent on the canonical IKK complex.

![ECSIT is involved in the IKK-dependent canonical pathway. (A, B) Wild-type MEF cells were transfected with mock, wt ECSIT, or K372A ECSIT mutant vector, as indicated. After 38 h, the cells were treated for 60 min in the presence or absence of 100 ng/ml LPS, and then the p65 or p50 DNA--binding assay was performed. All error bars represent SDs of the mean from triplicate samples. \**p* \< 0.05. (C, D) NEMO^−/−^ MEF cells were transfected with mock, wt ECSIT, or K372A ECSIT mutant vector, as indicated. After 38 h, the cells were treated for 60 min in the presence or absence of 100 ng/ml LPS, and then the p65 or p50 DNA--binding assay was performed. All error bars represent SDs of the mean from triplicate samples.](151fig6){#F6}

ECSIT K372 ubiquitination is critical for expression of NF-κB--dependent genes induced by LPS
---------------------------------------------------------------------------------------------

We finally examined whether the ECSIT regulatory mechanism is involved in gene expression induced by LPS. A microarray analysis was performed to evaluate ECSIT-related gene expression profiles using ctrl THP-1 and ECSIT^KD^ THP-1 cells. After TLR4 stimulation for different lengths of time, genes related to TLR4-mediated signaling were significantly up-regulated in ctrl THP-1 cells, whereas these profiles were significantly reduced in ECSIT^KD^ THP-1 cells (Supplemental Figure S1, A and B). ECSIT deficiency was found to have resulted in a marked down-regulation of gene expression when the results between ctrl and ECSIT^KD^ THP-1 cells were compared (Supplemental Figure S1C). In line with previous results ([@B28]; [@B27]), ECSIT deficiency also led to down-regulation of genes related to mitochondrial electron transfer (Supplemental Figure S2) and mesoderm development (Supplemental Figure S3).

To determine whether K372A mutant ECSIT affected the NF-κB--dependent gene expression induced by TLR4 stimulation, we transfected ctrl or ECSIT^KD^ THP-1 cells with mock, wt ECSIT, or K372A mutant ECSIT, treated with or without LPS, and examined them by quantitative reverse transcription-PCR (qRT-PCR) to assess the expression of four NF-κB--dependent genes, *Il-1β*, *CD44*, *IRF7*, and *NF-κB2*, which have a consensus κB-binding site. As shown in [Figure 7, A](#F7){ref-type="fig"}-- [D](#F7){ref-type="fig"}, induction of wt ECSIT in ctrl THP-1 cells resulted in marked increases in expression of these genes in the presence of LPS, and their expression was significantly restored in ECSIT^KD^ THP-1 cells compared with that in ECSIT^KD^ THP-1 cells. In contrast, no significant changes in expression were observed after inducing the K372A mutant ECSIT in ctrl and ECSIT^KD^ THP-1 cells ([Figure 7, A](#F7){ref-type="fig"}, *Il-1β*; [B](#F7){ref-type="fig"}, *CD44*; [C](#F7){ref-type="fig"}, *IRF7*; and [D](#F7){ref-type="fig"}, *NF-κB2*). These results strongly suggest that K372 ubiquitination of ECSIT plays a pivotal role in regulating NF-κB--dependent gene expression induced by TLR4 stimulation.

![K372A mutant ECSIT impairs NF-κB--dependent gene expression induced by TLR4 stimulation. (A--D) Control (ctrl) or ECSIT^KD^ THP-1 cells were transfected with mock, wt ECSIT, or K372A mutant ECSIT vector, as indicated. After 38 h, cells were treated for 7 h with or without LPS (100 ng/ml), and then qRT-PCR analysis with specific primers to *IL-1β* (A), *CD44* (B), *IRF7* (C), and *NF-κB2* (D) was performed. All error bars represent SDs of the mean from triplicate samples. \**p* \< 0.05 and \*\**p* \< 0.01.](151fig7){#F7}

DISCUSSION
==========

We showed that ECSIT interacts with p65/p50 NF-κB proteins and colocalizes to the nucleus after LPS stimulation, eventually leading to activation of NF-κB proteins. Biochemical studies revealed that ECSIT ubiquitination specifically occurs at the 372 lysine and that this is critical for both interaction and translocation of p65/p50 NF-κB proteins to the nucleus. The ECSIT K372A mutant failed to activate the NF-κB proteins, thereby causing severely attenuated production of proinflammatory cytokines and the expression of NF-κB--dependent genes induced after TLR4 stimulation. These findings suggest that ECSIT might play a key role regulating NF-κB activity during TLR4 signaling.

ECSIT had been identified as a multifunctional protein, as it participates in mammalian TLR signaling pathways regulating innate immunity ([@B15]), regulates bactericidal activity through mitochondrial ROS generation in response to TLR stimulation ([@B27]), and is involved in BMP signaling in the nucleus ([@B28]), strongly suggesting that intracellular localization of ECSIT is linked with its specific roles. We found that ECSIT formed a high--mass molecular complex after TLR4 stimulation, with which p65/p50 NF-κB proteins were specifically associated. Therefore we hypothesized that ECSIT activates NF-κB induced by TLR4 stimulation, although we could not rule out that other proteins may be associated with the ECSIT complex and involved in TLR4 signaling. We showed that ECSIT specifically interacts with p65/p50 NF-κB proteins through the ECSIT 300--341 region and regulates activation of NF-κB proteins. Furthermore, the ECSIT/p65/p50 complex specifically translocated to the nucleus in response to TLR4 stimulation. Of note, these biochemical and molecular functions are critically dependent on ubiquitination of the ECSIT 372 lysine residue. The ECSIT K372A mutant markedly failed to activate NF-κB, produce proinflammatory cytokines, or express NF-κB--dependent genes. These results indicate that ECSIT acts as a key regulator during TLR4 signaling leading to activation of NF-κB.

In summary, ECSIT interacts and forms a signal complex including TRAF6 and TAK1 in which TAK1 is activated and, in turn, activates IKKs ([Figure 8](#F8){ref-type="fig"}). ECSIT is also simultaneously ubiquitinated by TRAF6 ([@B27]). Ubiquitinated ECSIT at the K372 residue further interacts with p65/p50 NF-κB recently dissociated from IκB-α. The ECSIT/p65/p50 complex eventually translocates to the nucleus and is involved in p65/p50 NF-κB--dependent gene expression. Several reports showed that ECSIT plays an essential role in signaling networks gone awry in Alzheimer\'s disease (AD; [@B17]; [@B22]; [@B23]) and cellular oncogenesis ([@B28]). We believe that our results will contribute to the understanding of ECSIT-related signals, including TLRs, BMP, and transforming growth factor-β signaling, and the pathogenesis of ECSIT-related diseases such as AD.

![Model detailing the roles of ECSIT in TLR4-mediated signaling. On TLR4 stimulation, ECSIT forms the TAK1/TRAF6 complex, in which TAK1 is activated and ECSIT is simultaneously ubiquitinated on K372 by TRAF6. Activated TAK1 activates the IKKs complex through phosphorylation, leading to IκB-α degradation through phosphorylation and polyubiquitination. The dissociated p65/p50 NF-κB proteins from IκB-α interact with K372-ubiquitinated ECSIT and translocates to the nucleus, leading to the induction of p65/p50-dependent gene expression.](151fig8){#F8}

MATERIALS AND METHODS
=====================

Cells
-----

HEK293T, wt MEFs, and NEMO^−/−^ MEFs were maintained in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin ([@B9]; [@B14], [@B13]; Supplemental Materials and Methods). HEK293-TLR4 cells were purchased from InvivoGen (San Diego, CA; 293-htlr4md2cd14) and cultured according to the manufacturer\'s guidelines. THP-1 cells were maintained in RPMI medium (Invitrogen, Carlsbad, CA) containing 10% FBS, 2 mM [l]{.smallcaps}-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 5 × 10^−5^ M β-mercaptoethanol.

Knockdown by lentiviral particles
---------------------------------

THP-1 cells were infected with lentiviral particles containing shRNA targeted human ECSIT (sc-77224-V; Santa Cruz Biotechnology, Santa Cruz, CA) or control lentiviral particles (sc-108080; Santa Cruz Biotechnology) according to the manufacturer\'s protocol. Control THP-1 (Ctrl) and ECSIT-knockdown THP-1 (ECSIT^KD^ THP-1) cells were cultured in puromycin-containing medium (4 μg/ml) for 2 wk to select stable clones and then maintained in RPMI medium containing 4 μg/ml puromycin, 10% FBS, 2 mM [l]{.smallcaps}-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 5 × 10^−5^ M β-mercaptoethanol ([@B13], [@B12]).

Plasmids and antibodies
-----------------------

The Flag-ECSIT 1--100, Flag-ECSIT 1--200, Flag-ECSIT 1--257, Flag-ECSIT 1--300, and Flag-ECSIT 257--431 truncated mutants were generated by PCR using Flag-ECSIT wt as a template and inserted into pcDNA3. The Flag-tagged ECSIT K372A mutant was generated using the MORPH plasmid DNA mutagenesis kit (5 Prime → 3 Prime, Boulder, CO). The p65 and p50 expression vectors were purchased from Invitrogen. We used anti-ECSIT (Santa Cruz Biotechnology), anti-p65 (Cell Signaling Technology, Danvers, MA), anti-p50 (Cell Signaling Technology), anti--glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Cell Signaling Technology), anti--proliferating cell nuclear antigen (PCNA; Santa Cruz Biotechnology), anti-GRIM19 (Abcam, Cambridge, MA), anti-Flag (Abcam), anti-Myc (Cell Signaling Technology), anti-hemagglutinin (HA; Cell Signaling Technology), anti-ubiquitin (Abcam), and anti-PDI (Abcam) antibodies.

Immunoprecipitation and immunoblot assays
-----------------------------------------

Total protein was resolved on a 10% polyacrylamide gel and transferred to polyvinylidene fluoride membranes, as described previously ([@B14], [@B13], [@B12]). Cells were transfected with appropriated vectors, as indicated in each figure, and the immunoprecipitation assay was performed as described previously ([@B14], [@B13], [@B12]), followed by immunoblot with specific antibodies.

Gel filtration chromatography
-----------------------------

THP-1 cells were treated or not with 100 ng/ml LPS (Sigma-Aldrich, St. Louis, MO) for 45 min. The S-100 fraction was prepared and loaded onto a Superose6 10/300 GL column ([@B20]). Samples were analyzed by Western blotting using the indicated antibodies.

His-tagged pull-down assay
--------------------------

The His-tagged p65 pull-down assay was performed as per the manufacturer\'s protocol (21277; Thermo Scientific, Rockford, IL). Briefly, His-tagged p65 was immobilized as bait, and protein lysates were bound to the control as prey or immobilized on a His-tagged p65 column. The interaction with ECSIT was analyzed by Western blotting with the indicated antibodies.

Cellular fractionation
----------------------

HEK293-TLR4 cells were treated with or without LPS (100 ng/ml) for 45--60 min. Cytosol, mitochondria, and nucleus fractions were isolated using a Cell Fractionation Kit (ab109719; Abcam) according to the manufacturer\'s protocol. ECSIT localization was determined by immunoblotting analysis with anti-ECSIT antibody (Abcam). THP-1 cells were transiently transfected with Flag-tagged ECSIT wt or Flag-tagged K372A expression vector. At 36 h posttransfection, the cells were treated or not with LPS (100 ng/ml) for different times. The cytosol and nucleus fractions were isolated using a Cell Fractionation Kit (Abcam). p65, p50, and Flag-ECSIT wt or Flag-ECSIT K372A localization was detected by Western blotting with anti-p65 (Cell Signaling Technology), anti-p50 (Cell Signaling Technology), and anti-Flag (Abcam) antibodies.

Confocal microscopy
-------------------

HEK293T cells were grown on coverslips and stimulated or not with LPS (100 ng/ml) for 45--60 min. After washing, the cells were fixed with 4% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 5 min, blocked with PBS containing 10% FBS for 30 min, stained with anti-ECSIT antibody for 60 min, and stained with secondary antibodies for 60 min. Nuclei were stained with 4′,6-diamidino-2-phenylindole (Sigma-Aldrich), and coverslips were mounted with Prolong Gold antifade reagent (Molecular Probes, Sunnyvale, CA). Cells were imaged on a Zeiss LSM 710 laser-scanning confocal microscope (Carl Zeiss, Jena, Germany).

Ubiquitination assay
--------------------

Flag-ECSIT wt, the Flag-ECSIT truncated mutant, or HA-ubiquitin was transfected into HEK293T cells. Immunoprecipitated complexes were separated by SDS--PAGE and probed with anti-ubiquitin antibody. Flag-ECSIT wt, Flag-K372A ECSIT mutant, HA-ubiquitin, or mock plasmids were transfected into HEK293T cells. The cells were treated or not with LPS (100 ng/ml) for 45 min after 36 h. Immunoprecipitated complexes were separated by SDS--PAGE and probed with anti-ubiquitin antibody.

Deubiquitination assay
----------------------

HEK293T cells were transfected with mock or Flag-ECSIT vector. At 36 h posttransfection, the cells were lysed in lysis buffer containing 150 mM NaCl, 20 mM Tris-HCl, pH 7.5, 10 mM EDTA, 1% Triton X-100, 1% deoxycholate, 1.5% aprotinin, and 1 mM phenylmethylsulfonyl fluoride, and Flag-ECSIT proteins were prepared by immunoprecipitation with anti-Flag antibodies. The K63 Ub-reaction for polyubiquitination to Flag-ECSIT proteins was performed on the precipitates, followed by treatment with or without CYLD enzyme treatment ([@B29]). The p65 and p50 vectors were independently transfected into HEK293T cells, and p65/p50 lysates were prepared. Ubiquitinated Flag-ECSIT or deubiquitinated Flag-ECSIT protein was mixed with p65/p50 lysates. The samples were pulled down with an anti-Flag antibody, and the immunoprecipitated complexes were separated by SDS--PAGE and probed with anti-Flag, anti-p65, or anti-p50 antibody.

Enzyme-linked immunosorbent assay
---------------------------------

Cell culture supernatants were collected and assayed for cytokines. Cytokine production was measured with human IL-1β and IL-6 enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN) according to the manufacturer\'s protocol ([@B14], [@B13]; [@B12]).

p65/p50 DNA-binding assay
-------------------------

HEK293T cells, ctrl THP-1, ECSIT^KD^ THP-1, wt MEFs, or NEMO^−/−^ MEFs were transiently transfected with different vectors, as indicated in the figures, using the Lipofectamine LRX (Invitrogen) or the Neon transfection system (Invitrogen). At 36 h posttransfection, the cells were treated or not with LPS (100 ng/ml) for 60 min. Nuclear proteins were prepared with a CelLytic NuCLEAR Extraction kit (Sigma-Aldrich) in accordance with the manufacturer\'s protocol. p65 and p50 transcription factor activities were determined with a TransAM NF-κB transcription factor assay kit (Active Motif, Carlsbad, CA) according to the manufacturer\'s instructions.

Luciferase reporter assay
-------------------------

HEK293-TLR4 cells, ctrl THP-1, or ECSIT^KD^ THP-1 cells were transiently transfected with different vectors, as indicated in the figures, using the Lipofectamine LRX (Invitrogen) or Neon transfection system (Invitrogen), together with the pBIIx-luc NF-κB-dependent reporter construct and the *Renilla* luciferase vector (Promega, Madison, WI). At 36 h posttransfection, the cells were treated or not with LPS (100 ng/ml) for 6 h and lysed, and luciferase activity was measured using a dual luciferase assay kit (Promega).

qRT-PCR
-------

Total RNA was isolated and cDNA was synthesized following the manufacturer\'s protocol (Qiagen, Valencia, CA). All primers were purchased from Qiagen: IRF7 (PPH02014E), CD44 (PPH 00114A), NF-κB2 (PPH 00782E), and IL-1β (PPH 00171B). The qRT-PCR analysis was performed using Roter-GeneQ (Qiagen) according to the manufacturers\' protocol.

Statistical analysis
--------------------

In vitro data are presented as means ± SDs from triplicate samples. Data were analyzed with the Mann--Whitney test. In vivo data are presented as Tukey\'s box-and-whisker plots and analyzed with the Mann--Whitney test. *p* \< 0.05 was considered significant.
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ECSIT

:   evolutionarily conserved signaling intermediate in Toll pathways

IKK

:   IκB kinase

TLR

:   Toll-like receptor

TNF

:   tumor necrosis factor

TRAF6

:   tumor necrosis factor receptor--associated factor.
